INTRODUCTION
The oxidation of aromatic compounds for the production of partially oxygenated derivatives has become great industrial significance.
To mention a few, vapour phase oxidation of naphthalene to phthalic anhydride (Gibbs and Conover 1918) and benzene to maleic anhydride (Weiss and Downs 1919) are important reactions. Similarly oxidation of toluene to benzaldehyde is also important and hence attempted by many researchers.
Benzaldehyde is used chiefly as a precursor to synthesise other organic compounds, ranging from pharmaceuticals to plastic additives. It is also commonly employed as a commercial food flavourant (almond flavour) and industrial solvent. The aniline dye, malachite green, is prepared from benzaldehyde and dimethylaniline. Benzaldehyde is also a precursor to certain acridine dyes.
Benzaldehyde is converted into derivatives of cinnamaldehyde and styrene via aldol condensation. The synthesis of mandelic acid also starts from benzaldehyde. Thus benzaldehyde is an important precursor for many useful products.
Catalytic oxidation of toluene to benzaldehyde over vanadium pentoxide was investigated by Gunduz and Akpolat (1990) . The influence of various metallic oxides such as nickel, copper and zinc in the oxidation of toluene was examined by Papadatos and Shelstad (1973 In addition, the catalytic activity of CeAlPO-5 molecular sieves was also investigated in the oxidation of diphenylmethane. In continuation of our interest in the oxidation reactions employing CeAlPO-5 molecular sieves, the present study attempted the selective oxidation of toluene to benzaldehyde.
The results are discussed in the following sections.
CATALYTIC STUDIES
Vapour phase oxidation of toluene was studied over , CeAlPO-5(50), CeAlPO-5(75), CeAlPO-5(100) and catalysts between 300 and 400 °C. The reaction parameters were optimised in order to get maximum conversion and high selectivity to benzaldehyde. The effects of temperature, feed rate, air flow rate and time on stream on conversion and selectivity of products are discussed in the following sections.
Effect of Temperature
The vapour phase oxidation of toluene in air was conducted at 300, 350, 375 and 400 °C over 50, 75, 100 and 125) with an air flow rate of 10 mLmin -1 and feed rate 2 mLh -1 . The results are depicted in
Figures 7.1 and 7.2. The products were analysed by GC-MS and confirmed their identity. The toluene conversion and product selectivity were calculated using the following Equations (7.1) and (7.2).
Difference between the peak areas of toluene in feed and product mixture Conversion (%) = X 100 (7.1) Peak area of toluene feed Peak area of the product Selectivity (%) = X 100 (7.2) Sum of the peak areas of all the products 
Scheme 7.1 Possible pathway for the oxidation of toluene to benzaldehyde
When toluene diffuses close to oxygen chemisorbed on cerium, its hydrogen is abstracted to form benzyl radical. The reaction between metal hydroperoxide and benzyl radical yields benzyl alcohol. The product, benzyl alcohol, is subjected to additional hydrogen abstraction by the metal oxide radical. The resulting radical undergoes self decomposition by releasing hydrogen to form benzaldehyde. The released hydrogen atom is picked up by the metal hydroxide to form water. Thus the initial product of oxidation of toluene is alcohol but it is rapidly oxidised to benzaldehyde. Benzoic acid cannot be formed on the same site on which oxidation of toluene occurred because this site is not having chemisorbed oxygen. So, the oxidation of benzaldehyde to benzoic acid occurred on other cerium sites that carrying oxygen or air. Since the catalyst bed was made of only 0.5 g and the air flow rate was high (10 mLmin -1 ) and the temperature was high the subsequent oxidation of benzaldehyde to benzoic acid might be less probable.
The selectivity to benzaldehyde decreased with increase in temperature whereas that of benzyl alcohol increased. It is presumed that increase of temperature promoted diffusion of benzyl alcohol out of the active site on which it was formed. Though chemisorption of oxygen on cerium site was verified by ESR analysis at room temperature, it might be reduced to O 2 -by an electron transfer from Ce 3+ at 300 °C and above. Such a transfer could occur only at high temperatures. However, the same transfer might not occur at room temperature as evidenced from ESR analysis. So, oxygen might have two unpaired electrons at room temperature whereas only one electron at high temperatures.
The results of product selectivity over , CeAlPO-5(75), CeAlPO-5(100) and are also shown in the same Figure 7 .2.
Both the conversion and selectivity over all these catalysts followed similar trend as that of . The conversion decreased with increase in Al/Ce ratio, suggesting the dependence of conversion on cerium site content.
Based on the conversion, CeAlPO-5(25) was found to be more active than other catalysts. The selectivity to benzyl alcohol increased with increase in temperature over all the catalysts. It suggested decrease in the activity of CeO
• sites in the framework with increase in Al/Ce ratios. When the aluminium content increased, the framework cerium kept its unpaired electron delocalised and hence the degree of electron transfer from cerium to adsorbed oxygen reduced slightly. Hence the oxidic site with one unpaired electron might not be active. As a consequence of reduced electron flow from cerium to oxygen at high Al/Ce ratios, the oxidation of benzyl alcohol to benzaldehyde decreased slightly.
Effect of Feed Rate
The effect of feed rate on toluene conversion and product selectivity was studied at 1.0, 1.5, 2.0 and 3.0 mLh -1 and the results are presented in Table 7 .1. The conversion depends on the concentration of toluene around the active sites. Hence with the increase in the feed rate, the concentration is to increase. But at high concentration of toluene most of the toluene molecules can escape without being converted. It was the cause for the decrease in conversion at 3.0 mLh -1 . However, the selectivity of the product remained the same irrespective of the flow rate of the feed. It is to happen since the air flow rate remained the same. Hence it was established that the selectivity of benzaldehyde remained the same irrespective of the flow rate of the feed. Reaction condition: Catalyst CeAlPO-5(25); catalyst weight 0.5 g; temperature 300 °C; air flow rate 7 mLmin -1
Effect of Air Flow Rate
The effect of air flow rate on conversion and product selectivity at 300 °C with a feed rate of 2 mLh -1 was studied and the results are presented in Table 7 .2. The conversion decreased with the increase in the flow rate of air from 6 to 12 mLmin -1 but the selectivity to benzyl alcohol and benzoic acid showed a different trend. The selectivity to benzyl alcohol was lower at 7 mLmin -1 than at 10, 6 and 12 mLmin -1 . Similar variation was also noticed in the selectivity to benzoic acid. The selectivity to benzaldehyde increased when the air flow rate increased from 6 to 7 mLmin -1 , but it decreased at 10 and 12 mLmin -1 . The reduced benzaldehyde selectivity at air flow rate of 6 mLmin -1 was due to high conversion of benzaldehyde to benzoic acid.
Hence the optimum flow rate of air was 7 mLmin -1 . 
Effect of Time on Stream
The effect of time on stream on toluene conversion and product selectivity was studied for 6 h over and the results are depicted in Figure 7 .3. As coke formation was not observed over the catalyst, the conversion and product selectivity remained the same for the entire 6 h of time on stream. Hence the activity of the catalyst was also not affected for 6 h of time on stream. It was also established indirectly the absence of leaching out of cerium from the framework. Hence the stability of the catalyst was established. 
